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Abstract Membrane distillation (MD) is a thermal-based
separation technique with the potential to treat a wide
range of water types for various applications and
industries. Certain challenges remain however, which
prevent it from becoming commercially widespread
including moderate permeate flux, decline in separation
performance over time due to pore wetting and high
thermal energy requirements. Nevertheless, its attractive
characteristics such as high rejection (ca. 100%) of non-
volatile species, its ability to treat highly saline solutions
under low operating pressures (typically atmospheric) as
well as its ability to operate at low temperatures, enabling
waste-heat integration, continue to drive research interests
globally. Of particular interest is the class of carbon-based
nanomaterials which includes graphene and carbon
nanotubes, whose wide range of properties have been
exploited in an attempt to overcome the technical
challenges that MD faces. These low dimensional
materials exhibit properties such as high specific surface
area, high strength, tuneable hydrophobicity, enhanced
vapour transport, high thermal and electrical conductivity
and others. Their use in MD has resulted in improved
membrane performance characteristics like increased
permeability and reduced fouling propensity. They have
also enabled novel membrane capabilities such as in-situ
fouling detection and localised heat generation. In this
review we provide a brief introduction to MD and describe
key membrane characteristics and fabrication methods. We
then give an account of the various uses of carbon
nanomaterials for MD applications, focussing on poly-
meric membrane systems. Future research directions based
on the findings are also suggested.
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1 Introduction

1.1 Membrane distillation (MD)

MD is a non-isothermal phase separation process in which
a hydrophobic porous membrane prevents the passage of
the liquid phase (typically water), retaining all non-volatile
species dissolved within it, but allows the passage of
vapours [1]. The temperature difference across the
membrane sets up a vapour pressure difference along
which the vapours will travel. This difference in vapour
pressure is the fundamental driving force behind this
process, unlike conventional filtration processes which are
based on hydraulic pressure or concentration gradients [2].
In this way, species can also be separated according to their
volatility by adjusting the feed temperature or permeate-
side absolute pressure (or both), although the wettability of
such volatile components towards the membrane is a key
consideration [3].
Recently, much progress has been made in the

development of high-performance membranes for MD. A
recent review of the use of nanomaterials in MD
membranes can be found elsewhere [4]. Here, after
providing a brief overview of the principles of MD and
the key requirements for MD membranes, we focus
specifically on carbon-based nanomaterials and the various
ways in which their multifunctional properties can improve
MD performance.

1.1.1 Background

In MD, heat and mass transfer are coupled and so the
temperature difference across the membrane must be
maintained by a continuous supply of heat [5]. Thermal
conduction through the membrane can also reduce the
temperature difference and thereby reduce the vapour
pressure difference, lowering the permeate flux. Suitable
membranes therefore need to have low through-plane
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thermal conductivity.
MD can operate at low temperatures with low grade heat

sources such as solar thermal, geothermal, waste heat and
even thermal gradients in the sea where the feed and
permeate temperatures may be as low as 30 °C and 10 °C,
respectively [6]. Many reports have suggested that when
cheap sources of thermal energy are utilised, MD can be
cost competitive with or even cheaper than reverse osmosis
(RO) for sea water desalination, particularly on a small
scale [6–8]. Although a lack of robust data on industrial
MD implementation has resulted in large variances (nearly
4 orders of magnitude) in the values reported for produced
water cost [9].
There are several other advantages to MD compared to

conventional processes which make it attractive, including:
simple operation with reduced need for pre-treatment, low
electrical energy requirements, suitability for treating a
wide range of wastewaters achieving 100%, and reduced
fouling propensity due to low operating pressure. In
particular, its ability to treat highly saline water has made it
attractive as a brine treatment process to be coupled with
RO systems [10–13]. MD can be used in this way not only
to reduce the rejected brine volume but also to controllably
precipitate valuable crystals that can be sold. This hybrid
membrane-crystallisation process was first proposed by
Enrico Drioli’s group in the mid-1980s [14,15] and has
now been shown to recover specific crystal polymorphs
[16] and a variety of other valuable feed water components
such as lithium [17], phosphorus [18] and ammonia [19].
Despite mainly being studied for the purification of sea

water and brines, MD is increasingly being applied to treat
different water types. These include wastewaters from
industries such as mining [20], textile dyeing [21,22],
pharmaceutical [23], agriculture [24,25], space [26] as well
as municipal sources [27]. Also, because it can operate at
low temperatures, it has been applied to the beverage
industry to concentrate fruit juices which can be spoiled by
higher-temperature distillation processes [28].
There are four main MD configurations, classified

according to the means by which the permeating vapour
is collected. The simplest and most commonly studied
configuration is direct contact MD (DCMD). In this case,
the heated feed water and the cooler permeate stream are
both in direct contact with the membrane and the vapour
passing through the membrane condenses directly into the
permeate stream. In the air-gap configuration MD
(AGMD), the water vapour is condensed inside the
membrane module onto a cooled condensing surface
such as metal plate or foil. The fact that the condensation
of the vapour occurs locally means that it is possible to
recover much of the latent heat which, when arranged in a
stacked or spiral wound configuration, can dramatically
increase the thermal efficiency of the process, as reported
by Andrés-Mañas et al. with a vacuum-enhanced AGMD
pilot scale system [29]. This vacuum-enhanced air-gap

configuration differs from the conventional vacuum MD
(VMD) in that the water vapour in VMD is removed by a
higher vacuum pressure and condensed externally. A less
common configuration uses a flow of inert gas or air over
the surface of the membrane on the permeate side. So-
called sweeping gas MD (SGMD) boasts lower mass
transfer resistance than AGMD and suffers less conductive
heat loss than DCMD [30]. However, the added complex-
ity of having a gas continually pumped across the
membrane surface has made it less attractive. More details
on MD configurations can be found in the literature
[31,32].

1.1.2 Membrane properties

While there are various ways to fabricate MD membranes,
in each case there are certain characteristics that are
necessary for achieving good performance. The most
significant ones are: 1) Thermal and chemical stability.
This is an essential property for MD membranes not only
because of the potentially high operating temperatures and
harsh chemical feed water environments but also because
of cleaning processes which often require moderately
acidic and/or alkaline washing agents. Cleaning is
necessary in all membrane processes to recover membrane
performance lost due to fouling and extend the membrane
lifetime. 2) Liquid entry pressure (LEP). This is the
pressure required for water to wet the membrane and is a
measure of its hydrophobicity. This is a parameter that can
change over time due to membrane degradation or fouling
and its reduction can lead to unwanted pore wetting which
results in lower rejection. The addition of certain species
such as oils or surfactants to the feed water can
dramatically change the wetting propensity of a given
membrane. The development of omniphobic membranes
are an attempt to provide high LEP values for various feed
waters, including those with low surface tension [33,34].
3) Porosity. This is defined as the volume occupied by the
pores divided by the total volume of the membrane. High
porosity generally results in lower mass transfer resistance
and so this increases the flux, although beyond a certain
point the mechanical stability of the membrane will be
compromised. Typical porosities for MD membranes are
between 60% and 90%. In this definition, the pores are
assumed to be ‘through-pores’ meaning that there is an
open channel allowing the permeating species to travel
through the pore and thereby contribute to permeation.
Certain ‘porous’ structures may have high free volume but
may consist of closed cells. Such a structure may be useful
for applications such as thermal insulation but clearly
would be ineffective for membrane separation.
In addition to these three, other important parameters to

consider are membrane thickness, mean pore size,
maximum pore size (which is related to the LEP), pore
size distribution, pore tortuosity and the thermal
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conductivity of the membrane [35]. Arguably the most
significant membrane property is the LEP as it underpins
the fundamental operating process of MD, namely the
prevention of liquid permeation while enabling efficient
vapour permeation. The LEP can be calculated using
Eq. (1):

LEP ¼ –BgLcos  �

rmax
, (1)

where B is a geometric pore coefficient which is equal to 1
for cylindrical pores, gL is the liquid surface tension, � is
the contact angle, and rmax is the maximum pore size [36].
An ideal membrane would therefore have a high feed
solution contact angle and a narrow pore-size distribution,
free from large pores which could act as defects.
Furthermore, significant reductions in flux can be incurred
if the temperature difference between the bulk feed and the
permeate is not maintained. This phenomenon is known as
temperature polarisation and is a crucial consideration
when designing membranes, particularly in DCMD. The
temperature polarisation coefficient (TPC) is the ratio of
the temperature differences at the membrane/bulk interface
and is described by Eq. (2):

TPC ¼ Tfm – Tpm
Tfb – Tpb

, (2)

where Tfb and Tpb are the bulk temperatures of the feed and
permeate, respectively, and Tfm and Tpm are the tempera-
tures in the membrane surface on the feed and on the
permeate sides, respectively [1]. Figure 1 depicts the
temperature profile across the membrane in MD and the
positions of the relevant temperature values for calculation
of the TPC.

1.1.3 Challenges

Despite its many advantages, MD’s industrial implementa-
tion is currently fairly limited. This is largely attributed to
the high specific thermal energy requirements, relatively
low fluxes and membrane wetting (caused by fouling,
scaling or unsuitable process conditions). Improvements in
thermal efficiency have been demonstrated by using novel
membrane configurations (such as conductive-gap MD) or
by employing internal latent heat recovery using spiral
wound or multi-effect modules. In addition, heat integra-
tion with existing processes shows great potential to
significantly reduce the produced water costs in MD and
offer lower capital and operating costs than existing
distillation processes [37]. However, increasing membrane
fluxes and improving resistance to fouling requires design
modifications at the level of the membrane itself [38].
In these regards, carbon nanomaterials have been highly

effective, as this review will elucidate. In addition, they
have been used to impart novel functionalities such as
capacitive fouling-detection and localised heat generation
through the joule effect, opening new possibilities for
reducing operational costs and energy consumption.
Despite concerns about the detrimental effect that
thermally conductive carbon nanomaterials like graphene
and carbon nanotubes (CNTs) may have on temperature
polarisation, the evidence suggests that the typically low
loadings used in membrane modification result in benefits
that outweigh and, in some cases, even reduce this effect.
This will be discussed in more detail later.
There have been a number of successful pilot studies

conducted which demonstrate the feasibility and reliability
of MD and a handful of companies are now manufacturing
systems to address a variety of water challenges across the
world [39–41]. With the combination of efficient modules,
optimised process conditions and high-performance mem-
branes, the future for MD looks bright. We refer the reader
to a comprehensive review on opportunities and challenges
for improving MD membranes and system design by
Deshmukh et al. [42].

1.2 Carbon nanomaterials

Carbon nanomaterials make up an intensively studied and
commercially valuable class of materials which are used in
applications as wide reaching as energy production and
storage [43], electronics [44], biomedical [45], composites
[46], water purification [47] and others [48,49]. The
discovery of fullerene in 1985, CNTs in 1991 and graphene
in 2004 [50] show remarkably rapid progress in our ability
to understand, synthesise and exploit these materials. Their
discovery represents a significant part of the growing
portfolio of nanomaterials and nanofabrication techniques
that promise to revolutionise technology in the near future.
Amongst the most significant emerging applications of

Fig. 1 A schematic representing the temperature profile across
the membrane in MD. The four temperature positions shown are
those required to calculate the TPC.
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these nanomaterials is in separation and purification
technology, not least because globally, industrial separa-
tion processes account for a staggering 10%-15% of the
world’s energy use [51].

1.2.1 Structure

The carbon atom, with its electronic structure of 1s2 2s2

2p2, can exist in a variety of forms or allotropes, as shown
in Fig. 2. When the outer orbitals undergo sp3-hybridisa-
tion, the resulting tetragonal structure gives rise to a hard,
transparent, thermally conductive, electronically insulating
material: diamond. Whereas, the sp2-hybridised bonding
structure can result in the layered material known as
graphite, a soft, opaque, thermally and electronically
conducting material whose layers are weakly stacked on
top of each other by Van der Waals forces [52]. A single of
these layers, graphene, is transparent (owing to its
thickness), strong, flexible (out-of-plane), stiff (in-plane),
and highly conductive due to the 2-dimensional gas of
highly mobile massless Dirac fermions atop its surface
[53]. Roll this material into a cylinder and the result is a
carbon nanotube, a one-dimensional quantum wire with
similar strength to graphene which can be either semi-
conducting or metallic, depending on its chirality [54].
When sp2 and sp3 bonds are both present, carbon can adopt
a football-like form known as fullerene (or a buckyball)
[55]. This is a zero-dimensional quantum dot which can be
synthesised in a great variety of sizes, containing different
numbers of carbon atoms. Euler’s theorem for simple
polyhedra requires there to be no less than 12 pentagons in
any fullerene structure with C60 being the smallest one
possible (12 pentagons+ 20 hexagons). These electron-
accepting nanomaterials have been widely explored for
photovoltaic and fuel cell applications [56,57].

Carbon can also exist without long-range order as shown
in Fig. 2(d). So-called amorphous carbon is present in
substances such as coal and soot and can be characterised
in terms of the proportion of sp3 and sp2 bonds in its
structure. It is just one member of a family of disordered
carbons which includes glassy carbons, activated carbon
and carbon fibre which are widely used in applications
such as water purification and aerospace [58].

1.2.2 Properties

The many forms that carbon can take give rise to a wide
array of physico-chemical properties which can be
exploited. In composite applications for example, the low
dimensionality and high specific surface area of fullerene,
nanotubes and graphene can cause dramatic property
enhancements at relatively low loadings, provided a good
dispersion is formed and agglomeration of the nanomater-
ial is prevented. Chemical functionalisation of these
materials is a common approach to modifying their
properties, improving matrix interaction and solution
processability as well as enabling large-scale production
[59].
A notable example of this is the oxidised form of

graphene (graphene oxide or GO) which has been widely
studied for membrane applications due to its hydrophilic
nature. When single layers of GO are restacked into a
planar structure, the oxygen groups on the surface and
edges of the flakes produce a network of capillaries which
allow water to flow almost without impediment whilst
blocking divalent ions and larger molecules. While these
unusual properties of GO have been reported by various
independent research groups [60–63], the exact behaviour
of water inside the nanochannels is still not fully under-
stood. Efforts to model the system have typically

Fig. 2 The structures of the five main carbon allotropes: (a) diamond; (b) fullerene; (c) graphite; (d) amorphous carbon; and (e) carbon
nanotube (modified under the Creative Commons license, Wikipedia website).
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simplified the structure of GO down to a single graphene
capillary. Molecular dynamics simulations of such a
simplified system have shown that the small interlayer
spacing between the graphene sheets exerts a very high
pressure (ca. 1 GPa) on the water molecules, leading to
nanoconfinement [64]. This condition can result in the
coordinated motion of the polar water molecules and,
when coupled with the remarkable slip at the atomically
smooth graphene interface, it can give rise to a significant
flow enhancement factor of 100-1000 compared to
conventional non-slip Poiseuille flow [65].
There have been similar observations made of radius-

dependent water flow enhancement through CNTs
although there are disagreements over the degree of flow
enhancement and the underlying mechanisms [66,67]. The
role of electronic structure was also reported to be
significant by Secchi et al. who experimentally measured
significant slip in CNTs but not in boron nitride nanotubes
despite their crystallographic similarity [68].
Other properties of carbon nanomaterials include high

strength, high electrical conductivity and broadband
absorbance. This has enabled their use as composite fillers
for strengthening polymers, as sensors for the detection of
gases or foulant particles and even as self-heating coatings
via the photothermal effect. Because of the great variety of
properties that this class of nanomaterial exhibit, it is
possible to use them to solve multiple engineering
challenges at once. This principle applies to membranes
as much as anywhere else, as will be evidenced in the
following section.

2 Applications of carbon-based nanomater-
ials in MD

2.1 Modelling of graphene in MD

While there have been many efforts to model the behaviour

of water permeation through graphene and related
nanostructures (i.e., CNTs), modelling the transport of
vapour has proven difficult due to the high computational
intensity of modelling phase changes. Zhang et al. [69]
utilised coarse-grained molecular dynamics to model the
MD process through graphene channels. The system was
modelled by defining two vertically-stacked graphene unit
cells placed between two water reservoirs with two
perpendicular graphene pistons defining the outer bound-
ary of the reservoir, as shown in Fig. 3. This system was
based on the combined phenomena of evaporation and
vapour transport as shown in Figs. 3(b) and 3(c). In real
MD, a third component is needed to fully describe the mass
transport, namely the condensation on the permeate side.
However, the effect of this process is much less significant
than the other two and was neglected in this study.
In the evaporation model, an acceleration region was

added to ensure any evaporated water molecules were
carried away towards the permeate side. The feed side was
thermostatted from 300 K to 360 K while the permeate
reservoir was kept at 300 K. They reported high distillation
fluxes at channel spacings of between 2-5 nm within
which a transition in the transport mechanism occurs
between surface diffusion (2 nm) and Knudsen diffusion
(3-5 nm). This transition resulted in a reduction in the
lateral velocity of the water molecules due to increased
wall-collisions which reduced the overall flux. Contrary to
what is commonly reported for MD, the highest flux was
observed for the smallest channel opening (2 nm) with a
value of 10000 L∙m‒2∙h‒1 (LMH) (three orders of
magnitude higher than experimentally measured in con-
ventional membranes). This was attributed to both: 1) the
water transport being dominated by surface diffusion, and
2) the increased evaporation rate due to the higher number
of water molecule collisions as a result of their strong
interaction with the graphene. While the authors recognise
the highly idealised conditions (i.e., no presence of trapped
air in the pores, no consideration for temperature

Fig. 3 The molecular dynamics simulation schematics of (a) the MD model, (b) the evaporation model and (c) the vapour transport
model. Reprinted with permission from ref. [69]. Copyright 2018, Elsevier.
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polarisation and the absence of salt ions in the water),
experimental evidence of significantly enhanced vapour
permeation rates (ca. 107 g∙m‒2∙d‒1 or 417 LMH at 25 °C
and relative humidity of 35%) through atomically-thin
graphene membranes has been provided elsewhere [70].
These results suggest that there are opportunities to further
improve the flux values and the efficiency of MD by
exploiting the unusual phenomena observed in nanocon-
fined water and through the use of ultrathin, low
dimensional membranes.
The following sections describe the most recent uses of

carbon nanomaterials in MD with a summary of the key
information presented in Table 1.

2.2 Mixed matrix membranes

Mixed matrix membranes are defined as those in which a
solid phase (such as a nanomaterial) is incorporated into a
matrix material (such as a polymer). This approach is often
achieved by blending the solid phase into the starting dope
solution prior to membrane fabrication. As such, it can be a
relatively straightforward way of imparting beneficial
properties of the solid phase into the final membrane.
Two of the most common membrane fabrication techni-
ques used in MD are discussed here: phase inversion and
electrospinning. In both cases, the effects of adding
carbon-based nanomaterials into the membrane are
evaluated.

2.2.1 Phase inversion

Phase inversion is a process that induces porosity into films
or cylindrical jets of homogeneous polymer solutions. It
was first developed by Loeb and Sourirajan [71] in the
1960s using cellulose acetate as the casting solution but is
applicable for most polymers which can be dissolved into
homogeneous solutions. The process typically requires just
three components: a polymer, a solvent and a coagulation
medium (or non-solvent). First, the polymer is dissolved
into the solvent to form the casting solution. Then the
casting solution is either spread using a doctor blade into a
thin film (in the case of flat sheet or spiral-wound
membranes) or spun into a cylindrical fibre (in the case
of tubular or hollow fibre membranes). The final step is to
bring the newly cast polymer solution into contact with the
non-solvent, such as water, in a coagulation bath. This
initiates the solidification of the polymer as the solvent in
the casting solution is displaced by the non-solvent in the
coagulation bath. The inter-diffusion of the solvent and
non-solvent create heterogeneities within the casting
solution, i.e., some regions rich in polymer and some
regions deficient in polymer. The polymer-lean regions
form the pores of the membrane and the polymer-rich
regions continue to solidify and make up the pore walls. It
is also possible to initiate the solidification process using a

non-solvent which is in the vapour phase, or indeed with
temperature-controlled evaporation whereby the polymer
solution itself contains a mixture of a volatile solvent and a
less volatile non-solvent (the latter becoming enriched over
time as the former evaporates more readily) [71]. The
solidification process can occur within seconds (as for the
immersion precipitation method) or over several hours (as
for the vapour-induced approach) [72,73] and, depending
on the initial casting conditions and polymer solution
composition, the resultant membrane can either have a
symmetric or asymmetric structure. A symmetric structure
is characterised by having little variation in the pore size
throughout the membrane’s cross section and can be
readily obtained by using vapour as the non-solvent
medium. A membrane with an asymmetric structure, on
the other hand, is characterised by a dense ‘skin’ top layer
containing small pores supported by a highly porous
substructure containing larger pores or macrovoids. This
structure is much more common for membranes prepared
by immersion precipitation in a liquid non-solvent bath and
can provide excellent filtration performance due to the top
selective layer being very thin while the supportive layer
increases the overall mechanical strength of the membrane
[74].
This process is used to fabricate membranes for a range

of applications, ranging from protein separations, dye
removal, wastewater treatment and many others. Its use for
MD membranes has been widely reported in the literature,
mostly using polyvinylidene fluoride (PVDF) as the main
matrix constituent although a great variety of polymers can
be utilised in this technique. Work done by Woo et al.
showed a near doubling of the water vapour flux when
graphene nanoplatelets incorporating (GNPs) into a PVDF
membrane via phase inversion [75]. The composite
membranes were used to treat RO brine from coal seam
gas produced water with AGMD. GNP quantities ranging
from 0.1 to 2 wt-% (of the whole solution) were added with
the best results coming from the 0.5 wt-% sample. Not only
had the overall flux from this membrane increased from
11.6 to 20.5 LMH, but the long-term stability was
drastically improved as a result of the prevention of
fouling by salt crystals, which the pure PVDF membrane
suffered from. The average pore size of these membranes
increased from 60 to 110 nm with the addition of GNP and
the overall porosity also increased from 78.2% to 84.7%. It
is these characteristics to which the flux increase is
attributed, along with the increased water contact angle as a
result of graphene’s hydrophobicity. Higher GNP quan-
tities resulted in a further increase in the water contact
angle and a reduction in their porosity, possibly due to
graphene agglomeration, which reduced the flux. Also, the
membranes with higher GNP concentrations were slightly
thicker than those without, which reduced the mass transfer
resistance. Nevertheless, the 2 wt-% GNP membrane still
showed a 40% increase in flux compared to the pure PVDF
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membrane despite being 18% thicker and having almost
identical porosity [75].
Similar results were obtained by Athanasekou et al. [76],

who blended graphene functionalised with benzoic acid
into a PVDF mixed matrix membrane. They also
investigated a novel technique of using an aqueous
suspension of GO as the coagulation medium for PVDF
dope solutions to produce a coating on the membrane.
Optimal microscopy and micro-Raman analysis were used
to show the presence of the nanomaterials in/on the
membranes in both cases. For the graphene membranes, an
optimum loading of 0.87 wt-% (w.r.t. PVDF) increased the
membrane porosity modestly from 70.1% to 73.8%, yet
resulted in a 1.7 � increase in flux compared to the neat
PVDF membrane and achieved 99.8% salt rejection. At
higher loadings, the flux fell to below that of the PVDF
membrane, in agreement with other studies discussed in
this review. They used the isostrain and Maxwell models to
investigate the effect of graphene addition to the thermal
conductivity of the membranes and the membrane/water
vapour system. Unsurprisingly, the thermal conductivity of
the solid membrane increased substantially (15.7%) at the
highest graphene loading of 6.25 wt-%, which gave rise to
an even more significant change in thermal conductivity
for the membrane/vapour system (an increase of 58.4%
compared to the pure polymer). However, at lower
loadings this change was minimal and for the 0.87 wt-%
loading, the conductivity of the membrane/vapour system
actually decreased by 6.8% due to the increased porosity.
The smoother surface of this membrane, as shown by
atomic force microscopy, resulted in reduced scaling by
CaCO3 compared to the neat PVDF membrane, which was
evidenced by more stable flux values. The GO membranes
however, exhibited pore wetting and low salt rejection
(80%) owing to the greater hydrophilicity of the surface.
In our earlier work we compared the performance of

PVDF mixed matrix membranes incorporating GO and
GO functionalised with (3-aminopropyl)triethoxysilane
(APTS) for desalination of artificial seawater using
AGMD [77]. We found that the addition of small quantities
of both nanomaterials increased the surface porosity and
mean pore size. The best performing membranes achieved
52% and 86% flux enhancements for GO and GO-APTS
membranes, respectively compared to the pure PVDF
membrane. At higher loadings however, the rejection
performance declined slightly for the GO membrane, due
to increased hydrophilicity and larger pore size but
remained above 99.9% for all GO-APTS membranes. It
was suggested that the interactions between the nanofiller
and the polymer solution increased the rate of inter-
diffusion between the solvent and non-solvent during the
phase inversion process. This in turn resulted in higher
porosities and a less dense pore structure which gave rise to
higher flux values.
We later investigated using reduced GO (rGO) with

different degrees of reduction to see how this affected the
membrane morphology and performance, using XPS to
quantify the reduction degree [78]. As the carbon to
oxygen (C/O) ratio of the GO flakes increased from 2.30
(for GO) to 5.45 (for rGO), the measured flux increased
from 6.4 to 7 LMH and the permeate conductivity reduced
significantly from 643 to 41 mS∙cm‒1, indicating improved
wetting resistance. However, at a higher degree of
reduction (C/O = 7.36) the flux dropped to 3.9 LMH,
indicating less favourable pore-forming characteristics
with the further removal of the oxygen functionalities.
This pore-forming behaviour of GO materials has been
reported elsewhere [79], and has been shown in some cases
to not only increase the porosity and improve the pore
structure of the membranes, but also to improve the
mechanical properties at the same time due to the
nanomaterial’s high strength and good interaction with
the matrix material [80].
Morphological reasons alone are not always responsible

for improved performances of mixed matrix membranes.
Ragunath et al. [81], for example, incorporated multi-
walled CNTs (MWCNTs) in a PVDF polymer membrane
which was cast onto a polypropylene (PP) support
membrane and again fabricated via phase inversion. The
best membrane exhibited a flux of 51.4 LMH, representing
a 76% increase compared to the support membrane, using
DCMD at 80 °C. The calculated mass-transfer coefficient
was 1.8 times higher for this membrane than the
unmodified membrane despite there being no significant
differences in their porosity or mean pore size. In addition
to making the membrane more hydrophobic, as shown by
increases in the water contact angle, it was suggested that
the CNTs provide additional pathways for vapour diffusion.
Finally, Fahmey et al. compared different nanoparticles

(MWCNT, SiO2, TiO2, and ZnO) as additives in
polysulfone mixed matrix membranes [82]. While all
optimised membranes achieved high salt rejection
(99.9%), they found the MWCNTs provided the best
performance in terms of flux (41.58 LMH), followed by
SiO2 (38.84), TiO2 (35.6) and ZnO (34.42 LMH) with
optimized concentrations of 1.0, 0.5, 0.75, and 0.5 wt-%,
respectively, relative to the polymer weight of 15%.
These results were obtained using NaCl feed water
(10000 mg∙L–1) with feed and permeate temperatures of
60 °C and 20 °C, respectively. The higher performance of
the MWCNT membrane was attributed to higher porosity
and hydrophobicity than obtained by the other nanoparti-
cles.

2.2.2 Electrospinning

Electrospinning, a portmanteau of ‘electrostatic spinning’,
is a simple method of producing nanofibres from a wide
range of polymeric and ceramic materials for various
applications. Whilst it is considered a fairly modern
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fabrication method, the basic process was outlined in a
series of patents by Anton Formhals as early as 1934 [94–
97]. Just three components make up the necessary
equipment for electrospinning: a high voltage power
supply, a spinneret and a conductive collector. First, a
solution (or melt) of the desired material (in this case,
consider a polymer such as PVDF) is inserted into the
spinneret (for lab-based setups, this is typically a syringe
with a metallic needle attached). Then a potential is applied
across the spinneret and the conductive collector (typically
in the range of 10-40 kV). The syringe is then slowly
pressed with a pump or an actuator and the solution is then
rapidly drawn into tiny fibres that travel across the electric
field from the spinneret to the collector. This happens when
the electrostatic forces which build up on the surface of the
polymer solution overcome the solution’s surface tension
and form a Taylor cone. As the electrically charged jet of
material travels towards the grounded collector it rapidly
bends and whips, undergoing significant stretching. This
process can reduce the fibre cross section by up to six
orders of magnitude, resulting in nanofibers which are just
tens of nanometers across [98,99]. Meanwhile, the solvent
evaporates and the polymer begins to solidify. It is possible
to control the morphology of the nanofibers by adjusting
parameters such as solution viscosity, applied voltage, tip
to collector distance, solvent volatility and others.
Furthermore, it is possible to produce randomly oriented
fibres by using a flat stationary collector, or highly aligned
fibres by use of a rotating collector drum. The former has
been increasingly utilised for the fabrication of membranes
for MD. The high surface roughness, hydrophobicity, high
porosity and interconnected pore structures of membranes
produced in this way make them highly competitive with
and often superior to current state of the art materials for
MD applications [100,101].
As with the membranes produced via phase inversion,

those produced by electrospinning can exhibit enhanced
characteristics with the addition of nanomaterials to the
starting polymer solution. Woo et al. incorporated GNPs
into electrospun PVDF-co-hexafluoropropylene nanofiber
membranes and achieved a 34% increase in LEP, a 51%
increase in tensile strength and an 83% increase in vapour
flux compared to the pure polymer sample, whilst
maintaining 100% salt rejection [102]. In this case the
optimal quantity of graphene was fairly high (5 wt-%) but
the increased electrical conductivity in the polymer
solution as a result of this loading improved the formation
of nanofibers due to enhanced electrostatic forces. The
increase in the LEP of these membranes was attributed to
both the intrinsic hydrophobicity of graphene and also the
increased surface roughness caused by flakes protruding
out of the nanofibers, as shown in Fig. 4. The increase in
tensile strength was attributed to strong interaction
between the graphene and the polymer as well as good
interconnectivity between the fibres. Whilst high mechan-
ical strength is not considered a crucial property of MD

membranes (due to the low-pressure nature of the process),
it is a non-trivial consideration when using the electro-
spinning technique. Conventional methods of improving
the mechanical properties of electrospun materials have
been to either increase the spinning time (and therefore the
thickness of the material) or to utilise a post-treatment step
such as hot pressing or solvent evaporation which fuses the
overlapping regions of the fibres and prevents the
delamination or disintegration of the structure. For the
use of membranes, both of these approaches compromise
the overall efficacy of the technique. In the first case, the
hot (or cold) pressing of the material necessarily compacts
the structure, thereby reducing the porosity and increasing
the mass transfer resistance. In the second case as well as
the first, the additional processing step adds complexity
(and cost) to the overall process. The use of graphene in
this way is a good example of exploiting its multiple
properties to solve multiple problems simultaneously: its
high electrical conductivity promotes the formation of
(desirably) small nanofibers, its intrinsic hydrophobicity
along with the nanoscale roughness it imparts to the fibres
increases the wetting resistance of the membrane while its
high mechanical strength eliminates the need for a post-
treatment step. It also improves the thermal stability of the
membrane, which is another important consideration for
the long-term operation of MD.

The same group also used this approach to incorporate
CNTs into electrospun membranes which created a beaded
fibre morphology resulting in superhydrophobicity [103].
They also suggested that CNTs, which also protruded from
the polymer beads, facilitated active diffusion of water

Fig. 4 (a) Surface and (b) cross-sectional scanning electron
microscopy images of graphene/electrospun nanofiber membrane;
(c) and (d) transmission electron microscopy images of the same
membrane. The protrusions of graphene through the fibres provide
nanoscale roughness which increases the membrane hydrophobi-
city. Reprinted with permission from ref. [102]. Copyright 2016,
Elsevier.
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vapour through the membrane, contributing to the flux
enhancements. Lee et al. suggested that the observed flux
enhancements of CNT-nanofibre membranes could be
explained by the combination of improved heat transfer
(due to increase surface roughness) and higher mass
transfer due to slightly increased porosity and pore size as
well as the increased hydrophobicity of the pore walls
which enabled greater slip conditions for vapour diffusion
[104]. Only when the effects of these various mechanisms
were combined could their model successfully predict the
observed experimental data.
The wetting resistant and antimicrobial properties of

CNT-silica composite membranes was demonstrated by
Sun et al. [105]. They used CVD to grow vertically
orientated CNTs on an electrospun silica fibre mat. The
superhydrophobic structure exhibited water-in-air and oil-
in-water contact angles of 129.1° and 169.4°, respectively,
in dramatic contrast to the hydrophilic silica fibre mat.
They reported improved flux stability and rejection
performance of this membrane compared to a commercial
PVDF membrane when mineral oil was added to the saline
feed water (80 mg∙L‒1 mineral oil in 1.0 mol∙L‒1 NaCl).
The vertically protruding CNTs trapped a layer of air in the
surface of the membranes, reducing the wetting propensity.
This effect was particularly noticeable when using longer
nanotubes. Furthermore, this membrane exhibited ca. 80%
reduction in biofouling (by Escherichia coli) compared to
a control membrane, attributed to the rough surface
produced by the tube tips which create a barrier to cell
deposition.
It should be noted that while the use of electrospinning

for membrane applications is increasingly evident in the
literature, it is still relatively expensive to scale up in
comparison to conventional methods like phase inversion.
Currently its primary uses remain in biomedical applica-
tions for which the cost-benefit is proven. However, certain
innovations such as the use of a rotating perforated ball in
place of multiple syringe heads (as developed by the
Stellenbosch Nanofiber Company [106]) are addressing
these problems and so demand for nanofiber membranes
will probably grow in future.
Other widely used materials for MD membranes are

polypropylene (PP), polyethylene and polytetrafluoroethy-
lene (PTFE). These are also more expensive to produce,
since they are not readily dissolved in solvents and so can’t
be fabricated by phase inversion. Instead, these materials
undergo complex stretching and annealing processes in
order to induce porosity. Despite this, their low surface
energies and high thermal and chemical stabilities make
these two materials very attractive for MD applications
[107].

2.3 Coatings

Perhaps a more obvious approach to using carbon
nanomaterials for MD applications is as a coating. Indeed,

some of the first work on GO membranes was utilising a
thin laminated coating which sat on top of existing porous
membranes to provide a selective yet highly permeable top
layer [60]. In the case of MD, the need for a species-
selective layer is largely removed by the fact that
separation occurs due to a phase change. Nevertheless,
the special interactions between these nanomaterials and
water have been shown to enhance the vapour flux whilst
retaining high rejection when used as a coating on top of
commercially available polymeric membranes.

2.3.1 Flux-enhancing coatings

Bhadra et al. have investigated a range of carbon
nanomaterials as coatings on MD membranes. In one
study, they coated the bore of a PP hollow fibre membrane
with a solution of detonation nanodiamonds and PVDF in
acetone in order to improve the flux and antiwetting
property of the membrane [83]. They reported flux
increases of up to 118% compared to the unmodified
membrane using SGMD. The flux and high rejection
(99.9%) were stable for 90 d of treating artificial seawater
(34000 mg∙L–1 NaCl). Furthermore, this membrane was
less sensitive to increases in the feed water salinity
compared to the control membrane. This was attributed
to activated diffusion of water which was facilitated by the
nanodiamonds immobilised on the membrane surface and
in the pores.
They also observed significant increases in flux when

drop casting a GO layer (containing 2 wt-% PVDF as a
binder) on top of a commercial PTFE membrane using a
DCMD testing configuration [85]. Though the GO-
immobilised membrane (GOIM) reduced the water contact
angle from 110° to 90° and slightly increased the overall
thickness of the membrane, the flux was improved by as
much as 50% compared to the pristine PTFE sample. In
addition, the effect of salt concentration on flux was
significantly reduced for the GOIM, as observed with the
nanodiamonds. When raising the salt concentration from
3500 to 34000 mg∙L–1, the flux for the unmodified
membrane reduced by nearly 30% whereas for the GOIM,
it reduced by less than 1%. This result was attributed to
various attributes of the GO layer, such as the nanocapil-
lary effect allowing for rapid transport of water, polar
functional groups acting as selective sorption sites for
vapour and even reduced temperature polarisation due to
the higher conductivity of the GO layer.
They reported similar results when incorporating

carboxylated CNTs into the PTFE membrane [84]. Like
the GO modified membranes, these exhibited a reduced
water contact angle, yet the flux increased by as much as
54% and the stability with increased salt concentrations
was significantly higher. It was again suggested that the
CNTs provided adsorption sites for water vapour whilst
rejecting the liquid brine. This effect was enhanced by the
polarity of the carboxyl groups on the nanotubes and
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contributed to the flux increase, as suggested for the GO
modified membranes.
A flux enhancement of 15% was reported in a separate

work by Intrchom et al. who applied the same GO/PVDF
coating mentioned above on the permeate side of the
membrane rather than the feed side, again via drop coating
[86]. It was said that the GO layer increased the removal
rate of water vapour from the interface between the
membrane and the permeate stream, effectively reducing
the boundary layer between the liquid and vapour phases.
This in turn increased the mass transfer coefficient and
resulted in higher fluxes compared to the unmodified PTFE
membrane. This increase was also stable for long testing
periods (60 d), indicating that the GO layer was strongly
attached to the membrane surface.
More recently, they compared GO with carboxylated

CNTs as a coating on the membrane surface for the
removal of methyl tert-butyl ether in sweep gas MD [108].
A flux enhancement of up to 22% was obtained with the
CNT membrane and a rejection of 56% compared to 46%
for the unmodified PTFE membrane. In most cases the flux
and separation factor were highest for the CNT membrane
and lowest for the control PTFE membrane, explained by
the improved adsorption capacity of the carbon nanoma-
terials for methyl tert-butyl ether. The selectivity generally
decreased with increasing temperature except for the GO
membrane where it showed a positive trend, although an
explanation for this was not given.

2.3.2 Anti-fouling coatings

The antifouling properties of GNP-coated polyethylene
membranes were investigated in a study conducted by
Mansour et al. [109]. The coatings were produced by
vacuum filtration of GNP/ethanol solutions with concen-
trations ranging from 0.08 to 0.2 wt-%. When weighing the
membranes before and after immersing them for 10 h in
distilled water, they found no evidence of the graphene
leaching from the surface, suggesting good attachment.
When treating real RO reject brine from a desalination
plant, they found that the GNP coating reduced flux
decline by up to 78% compared to the unmodified
membrane. Even though the inclusion of GNP into the
membrane’s pores reduced the porosity from 89.4% to
56% and the initial flux value from 30 to 15 LMH, the
stability of the flux was greatly enhanced over a 10 h
period. This corresponded to the GNP/ethanol concentra-
tion of 0.16 wt-% which also increased the contact angle
and LEP and reduced the fouling propensity.
Quite a different coating approach was taken by Seo and

co-workers who utilised an ambient-air CVD technique to
grow few-layer graphene onto polycrystalline Ni foils
using soy bean oil as the carbon source [88]. They
deposited the graphene layer onto a commercial PTFE
membrane by a wet-transfer process and then tested the

membrane in DCMD. They used a variety of feed types,
including real seawater, saline water containing the
surfactant, SDS, and saline water containing an emulsion
of mineral oil and sodium bicarbonate, which are well
known to cause membrane fouling in MD due to
hydrophobic interactions with the membrane surface. Not
only did the graphene coated membrane show ca. 20%
higher fluxes for real seawater compared to the pristine
PTFE membrane, but the stability of the flux was also
greatly improved over long testing times (up to 72 h). It
was found that fewer foulant molecules had attached to the
graphene layer after testing and so the pore-blocking
phenomenon was less severe than for the uncoated
membrane. The interaction between the graphene and the
SDS molecules were said to be of the weak physisorption
type which has been exploited elsewhere for creating
stable aqueous graphene inks [110,111]. This weak
interaction could be easily overcome by the flow of the
feed water in the membrane module and so membrane
fouling was mitigated. This antifouling property has been
described for graphene and GO elsewhere and is perhaps
one of the most promising attributes of these materials for
water treatment applications [112–114]. It was proposed
that the water molecules permeated through overlapping
grain boundaries, which had a calculated energy barrier, ca.
0.78 eV. This was easily overcome by the thermal energy
input of the process so there was no need to engineer pores
directly into the graphene, as has been achieved on small
scales previously [70,115,116]. Finally, the presence of the
CVD-grown graphene coating increased the temperature
difference, DT, across the membrane feed and permeate-
side surfaces, as depicted in Fig. 5. Whilst this was a subtle
effect in this case, only raising the DT by 1-2 °C, it does

Fig. 5 The effect of the polycrystalline graphene coating on the
PTFE membrane is shown here to increase the measured
temperature difference across the feed and permeate side due to
the high thermal conductivity of the graphene layer. The feed used
here was a 70 g∙L–1 NaCl solution at a temperature 90 °C and the
permeate stream was deionised water at 20 °C. Reprinted with
permission from ref. [88]. Copyright 2018, Nature.
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suggest that having a thermally conductive top layer may
be desirable for MD applications and may reduce the
degree of temperature polarisation as suggested by Bhadra
et al. [85].
Following the approach commonly used to reduce

fouling in membranes for pressure-driven applications,
Nthunya et al. applied a thin hydrophilic coating on top of
superhydrophobic PVDF nanofibre membranes modified
with functionalised silica nanoparticles [117]. When
treating real brackish water (total dissolved solids range
= 9.176-25.412 g∙L‒1; total organic carbon range = 0.36-
2.21 mg∙L‒1), severe flux decline (62.1%-75.6%) was
observed due to organic fouling of the uncoated membrane
over 50 h of testing. The coating comprised of silver
nanoparticles mixed with carboxylated MWCNTs in a
10 wt-% PVDF solution, which was coated onto the
nanofibre membrane and coagulated in a water bath. The
flux decline was significantly reduced (26.6-33.5) while
maintaining high rejection (ca. 99%). While many
approaches to reduce fouling in MD consist of increasing
the antiwetting properties by increasing the membrane
hydrophobicity, this work suggests that it is possible to still
prevent significant wetting from occurring in MD while
using thin hydrophilic coatings which are known to reduce
the attachment of organic molecules present in certain
water types.

2.3.3 Electro- and photoactive coatings

Carbon nanomaterials have also been successfully used for
in-situ monitoring of fouling during MD tests. Ahmed et
al. [118] coated filter paper with carbon nanostructures
(comprised of entangled, covalently bonded CNTs) and

fluorinated silica. This rendered the membrane both
hydrophobic and electrically conductive. By using the
membrane as an electrode and a stainless-steel counter
electrode in the membrane cell, it was possible to measure
changes in the capacitance caused by the attachment of
foulant particles on the membrane surface. Such an
approach, they note, could enable much greater optimisa-
tion of the operating conditions and cleaning regimes for
large scale MD applications.
A few researchers have also looked at how carbon-based

nanomaterials can be used to generate local heat on the
membrane itself to drive the MD process. Recognising that
heating large bodies of water in separate tanks or reservoirs
requires a lot of energy, attempts have been made to heat
only the water which is in direct contact with the
membrane (and is therefore able to permeate through it
as vapour). For example, Dudchenko et al. employed an
electrically conductive CNT/PVA composite coating on a
porous PTFE substrate which would generate local heat
upon the application of a current due to the Joule effect
[119], as depicted in Fig. 6.
By using an AC supply in which the voltage polarity

was rapidly switched, the researchers were able to
demonstrate stable Joule heating (up to 95 °C in air)
without membrane degradation or water splitting
occurring, as is common in ionisable media like salt
water under high DC potentials [120–122]. They achieved
fluxes of just over 8 LMH with greater than 99% rejection
and very high single-pass recovery values approaching
100%. The energy consumption of the process was
1.12� 0.01 kWh∙kg‒1 when including heat recovery (or
1120 kWh∙m‒3). This value is considerably higher than for
most MD systems but optimising the configuration and

Fig. 6 Depiction of a CNT/PVA conductive coating which generated localised heat upon the application of a current as a result of the
Joule effect. Reprinted with permission from ref. [119]. Copyright 2017, Nature.
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operating conditions, they say, could increase the feasi-
bility of the process at scale. Using a different approach to
achieve the same goal, Dongare et al. applied an
electrospun carbon black/PVA coating on top of a PVDF
membrane which could generate localised heat upon direct
illumination with solar radiation as a result of the
photothermal effect [123], as depicted in Fig. 7.
The broadband absorbance of carbon black makes it an

efficient photothermal material for local heat generation
[124]. This phenomenon has also been demonstrated in
graphene and rGO, not yet for membranes, but for
biomedical applications such as tumor treatment
[125,126]. The temperature generated on the membrane
(using real sunlight) reached ca. 35 °C, representing an
energy conversion efficiency of 53.8%. However, this
corresponded to a fairly low water flux of ca. 0.5 LMH.
While the authors note the advantage of self-heating
photothermal membranes having lower water flow require-
ments (since lower flow rates resulted in higher fluxes) and
requiring less equipment for heating (such as solar thermal
panels), it is not clear how the system could be effectively
scaled up to allow for complete sun exposure to the
membranes without requiring a correspondingly large
footprint.

3 Conclusions and future directions

Many research efforts have shown that the use of carbon
nanomaterials can improve the performance of MD
membranes. The materials reviewed here include gra-
phene, GO, CNTs, nanodiamonds and carbon black.
Researchers have utilised these materials for different
reasons and have demonstrated their efficacy in increasing
membrane flux, reducing fouling propensity, improving
mechanical properties, generating localised heat to drive
the MD process and enabling in-situmonitoring of fouling.
It is evident that these nanomaterials act as pore-forming
agents in phase inversion membranes, giving rise to higher

porosities and therefore higher fluxes, without compromis-
ing the mechanical properties (or even enhancing them).
The hydrophobicity of these materials can also increase
wetting resistance and reduce fouling when used as fillers
or as a coating. In addition, the electronic properties can be
used to turn the membranes into sensors which can create
new opportunities for process optimisation by combining
in-situ sensing data with analytical techniques such as
machine learning. This, in turn, could be used to control
automated cleaning processes and thereby lower opera-
tional costs.
At high loadings of thermally conductive materials such

as graphene or CNTs, concerns arise due to increased
temperature polarisation. However, at optimal loadings
(which are typically< 1%) this effect has been overcome
by the beneficial effects they impart and in some cases,
temperature polarisation was even shown to have
decreased. These very low optimal loadings that have
been observed are testament to the low dimensionality and
high specific surface area of these nanomaterials. This is
beneficial from a cost-perspective, where a need for high
weight percentages of such nanomaterials would likely be
economically unviable for high volume products like
filtration membranes.
The development of high flux membranes can increase

the productivity of MD and provided that the latent heat is
recovered in the system, this higher rate of mass transfer
will not jeopardise the thermal efficiency. By developing a
more complete understanding of the behaviour of
nanoconfined water in small carbon capillaries, it may be
possible to make breakthroughs in evaporation efficiency
and vapour transport that could enhance the overall
performance in MD. Modifications to module and system
design have proven successful at increasing the thermal
efficiency of the process and continuation in this direction
is recommended in parallel with more of a focus on other
membrane properties such as long-term fouling resistance,
response to cleaning protocols and simplicity of fabrica-
tion.

Fig. 7 Photothermal coating which generates localised heat upon direct solar illumination. Reprinted with permission from ref. [123].
Copyright 2017, National Academy of Sciences.
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Future work should also look to compare multiple
nanomaterials directly as it is difficult to make accurate
comparisons between the work of different research groups
due to differences in operating conditions, feed water
types, membrane configuration, fabrication conditions etc.
Also, the long-term studies on MD are relatively few in
number and typically use conventional commercial
membranes. It is clear that nanotechnology can improve
a host of performance characteristics and so performing
long-term pilot studies with more advanced membrane
materials is a key area for future research.
Finally, another key attribute of MD compared to other

water treatment technologies is its simplicity. The reduced
need for pre-treatment steps, such as those required for RO
systems, is an advantage which should be explored further
and better understood. The design of the membrane is
highly consequential in this regard. The ability to produce
a low cost, single step, stand-alone system which extracts
pure water from a wide variety of feed streams and requires
significantly less maintenance (and technical expertise)
than current systems would be highly valuable to many
communities around the world who currently lack the
relevant infrastructure and water availability. Carbon
nanomaterials, with their unique set of properties may
offer a step towards building and deploying such a system
at a time when water scarcity remains a significant global
challenge.
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